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Membrane fusion for morbillivirus cell entry relies on critical interactions between the viral fusion (F) and attachment (H) enve-
lope glycoproteins. Through extensive mutagenesis of an F cavity recently proposed to contribute to F’s interaction with the H
protein, we identified two neighboring hydrophobic residues responsible for severe F-to-H binding and fusion-triggering defi-
ciencies when they were mutated in combination. Since both residues reside on one side of the F cavity, the data suggest that H
binds the F globular head domain sideways.

Measles virus (MeV) and canine distemper virus (CDV) be-
long to the Morbillivirus genus of the Paramyxovirus family.

MeV remains responsible for major human mortality, with ap-
proximately 120,000 measles-associated deaths per year (1), and
CDV exhibits an ever-increasing host range in wild aquatic and
terrestrial carnivores, often with devastating consequences (2–4).

The MeV and CDV cell entry systems depend on two interact-
ing surface glycoproteins: the tetrameric receptor-binding H pro-
tein and the trimeric F protein (5). In the first step, the H protein
binds to cell surface receptors (SLAM or nectin-4, depending on
the type of target cells) through its membrane-distal cuboidal
head domain (6–10). It is thought that receptor engagement then
leads to opening of the central section of the H stalk through
putative H head movements (11–13), which in turn actively de-
stabilize prefusion F complexes (14, 15). Destabilized F trimers
then undergo irreversible conformational changes that eventually
lead to membrane merger and fusion pore formation (5, 16).

Proper assembly of the H-F glycoprotein complexes is there-
fore critical for membrane fusion triggering and is believed to
occur early within the host secretory pathway (17). A region span-
ning residues 111 to 118 in the H stalk domain was proposed as a
candidate microdomain mediating F-H interaction (11, 18, 19).
More recently, several candidate residues in F were postulated to
engage in short-range interactions with H. Indeed, key substitu-
tions near the fusion peptide or at the base of the F trimer led to a
significant reduction in bioactivity, but this phenotype correlated
only with moderate impairments of physical glycoprotein inter-
actions (18, 20).

In this study, we therefore aimed at generating fusion-defective
F mutants retaining proper folding into the prefusion conforma-
tion, proteolytic processing, and cell surface transport but exhib-
iting severe deficiencies in H-binding activity. We conducted a
systematic mutagenesis analysis of the region located at the base of
the CDV F trimer head, which is homologous to the MeV F mi-
crodomain that was recently proposed to interact with the MeV H
stalk (20). Interestingly, the targeted microdomain defines a large
cavity that is formed by two adjacent F monomers (Table 1 and
Fig. 1A). In a first round of mutagenesis, a total of 29 residues were
mutated to alanine (the alanine residue at position 279 was
changed to serine); 17 of these were predicted to be located in one

of the monomers lining the cavity, and 12 were predicted in the
other (Table 1 and Fig. 1A).

The resulting panel of F variants was initially screened for fu-
sion activity using a well-established transient cell-to-cell fusion
assay and Vero-SLAM cells. Ten out of the 29 single F mutants
were clearly impaired in fusion activity, consistent with data ob-
tained previously for MeV F trimers (20). Of those, six showed
strong fusion defects while remaining efficiently surface expressed
in their prefusion conformation (E422A, Y436A, L437A, L482A,
L506A, and K508A) (Table 1 and Fig. 1B). Of note, we used the
recently described prefusion and postfusion conformation-spe-
cific monoclonal anti-CDV-F antibodies (MAbs) (4941 and 4068,
respectively [14]) to probe the conformational change of each F
mutant. All F proteins carried, in addition, a FLAG epitope tag in
the ectodomain, which we have previously shown not to signifi-
cantly modulate bioactivity (14). Cell surface expression was
quantified using a monoclonal anti-FLAG antibody and flow cy-
tometry after immunostaining.

Hydrophobic-protein-protein interfaces were recently pro-
posed as major contributing factors regulating paramyxovirus
envelope protein interaction (20, 21), and indeed, the cavity
microdomain of CDV F contains a considerable number of
hydrophobic residues that are predicted to be solvent exposed by
our CDV F structural model (22). To specifically test a role of
hydrophobic contacts in H-F interaction, we made, in a second
round of mutagenesis, hydrophobic-to-polar or charged substitu-
tions at four of the six critical F cavity positions (two mutations
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were introduced into each of the two monomers that define one
cavity), resulting in F variants F-L437D or F-L437Q, F-L482D or
F-L482Q, F-L506D or F-L506Q, and F-K508E or F-K508R (Table
2). Strikingly, cell-to-cell fusion assays revealed that all mutants
were either completely or nearly completely defective in mem-
brane fusion triggering (Table 2 and Fig. 1C). Importantly, with
the F conformation-sensitive MAbs, immunofluorescence stain-
ing followed by flow cytometry analyses revealed that the eight
newly designed F mutants preserved their prefusion conforma-
tional state (Table 2). In addition, with the anti-FLAG MAb, flow
cytometry data indicated that all proteins were properly trans-
ported to the cell surface, although F-L482D exhibited some defi-
ciency (Table 2).

To investigate whether impaired triggering of F refolding cor-
related with physical disengagement of the mutant F trimers from
the H protein, coimmunoprecipitation (coIP) experiments were
conducted. Using a semiquantitative cell surface H/F coIP assay
initially developed by Paal and colleagues (19), we noted that F
mutants F-L506D, -L506Q, -K508E, and -K508R were impaired in

H binding (their coIP efficiencies were approximately 40 to 60%
of that of wild-type F [F-wt]) (Fig. 2A and B). Western blot anal-
ysis of total F protein clearly indicated that all F0 precursors were
properly processed. The only exception was mutant F-L482D (Fig.
2A, TL blots). We also noted that some mutants displayed slight
mobility shifts of their F0 and F1 subunits. Since proteins were sepa-
rated by SDS-PAGE under reducing conditions, these shifts most
likely resulted from the alteration of the hydrophobic nature of the
selected residues into charged or polar amino acids (Fig. 2A).

Since both the F-L506D and F-K508E mutations led to fusion
deficiency and had a moderate effect on H binding, we speculated
that combining both substitutions might lead to a more severe
phenotype (Fig. 3A). Thus, in a third round of mutagenesis, the
double F variant (F-L506D/K508E) was engineered and its ability
to induce membrane fusion investigated in cell-to-cell fusion as-
says. As anticipated, F-L506D/K508E was completely fusion de-
fective (Fig. 3B). Biochemical characterization reveled that substi-
tutions of both hydrophobic residues into charged amino acids
resulted in slightly impaired folding and processing activities; re-
duced values compared to that for F-wt were recorded for both cell
surface expression and F0 maturation efficiency (Fig. 3C and Table
2). Because of this reduction in surface expression of the double F
mutant compared to that of F-wt, we also assessed the intrinsic
stability of mutant prefusion F complexes. Indeed, we recently
demonstrated that the height of the activation energy barrier
modulates the fusion activity of morbillivirus F trimers (14, 15).
We therefore determined the temperature at which the trimers
changed conformations using both F conformation-sensitive
MAbs (for comparison, F-wt and the F-K508E variant were also
included in this assay). The temperature at which 50% of the F
population was present in the pre- and postfusion states served as
an indicator of the intrinsic stability of the selected F protein.
Importantly, results summarized in Table 2 indicate that the
F-K508E and F-L506D/K508E mutants maintained wt-like prefu-
sion intrinsic F stability (Table 2), despite the slight reduction in
cell surface expression of the double F mutant. Strikingly, coIP
experiments revealed that F-L506D/K508E was drastically im-
paired in H binding, with an avidity of interaction of less than 20%
of that recorded for H-wt with F-wt. Taking these findings to-
gether, we observed an additive effect of two neighboring substi-
tutions located in one face of the F cavity microdomain.

Despite recent progress in our structural and mechanistic un-
derstanding of the paramyxovirus cell entry process (reviewed in
references 23 to 25), precisely how paramyxovirus envelope pro-
teins assemble prior to receptor engagement remains to be eluci-
dated. To shed light on the morbillivirus glycoproteins’ interac-
tion cascade, we aimed in this study to design “fusion-dead” CDV
F mutants as a result solely of the physical separation of the F and
H proteins, despite proper overall F folding, proteolytic process-
ing, and cell surface transport competence. Toward this goal, we
performed a thorough mutagenesis analysis of a cavity F microdo-
main located near the bottom of the globular head domain. Two
recent reports suggested that this large pocket (or part of it) con-
tributes to controlling the physical interaction of F with the at-
tachment protein (20, 21). Interestingly, this cavity is defined by
the apposition of two adjacent monomers and is predicted to con-
tain a considerable number of solvent-exposed hydrophobic
amino acids, which may create a hydrophobic interface available
for interaction with H. Consistently with previous results (20),
single alanine substitutions at key positions in the cavity influ-

TABLE 1 Summary of properties of 29 single-alanine F mutantsa

Mutation Monomer FA CSE Conf (37°C)

None (wt) – 4� 100.0 � 0.0 Pre
I157A A 0 53.0 � 7.8 Pre
T159A A 4� 94.5 � 17.0 Pre
R160A A 4� 95.8 � 8.4 Pre
A279S A 4� 103.9 � 9.6 Pre
T280A A 4� 99.0 � 19.9 Pre
Q281A A 4� 107.4 � 19.4 Pre
V403A A 4� 86.4 � 6.4 Pre
K404A A 4� 90.9 � 7.4 Pre
G405A A 4� 33.9 � 11.9 Pre
S420A B 4� 97.0 � 17.8 Pre
Q421A B 4� 96.3 � 9.4 Pre
E422A B 2� 81.2 � 44.3 Pre
N434A A 4� 62.2 � 13.5 Pre
Y436A A 2� 76.5 � 6.8 Pre
L437A A 1� 73.5 � 8.7 Pre
S439A A 4� 89.1 � 19.3 Pre
Q457A A 4� 101.0 � 13.1 Pre
N458A A 4� 89.2 � 23.6 Pre
L460A A 4� 50.4 � 9.5 Pre
P462A A 4� 93.0 � 11.5 Pre
L482A B 2� 77.1 � 29.2 Pre
S484A B 3� 105.1 � 12.4 Pre
G485A B 3� 101.2 � 20.8 Pre
T486A B 4� 101.7 � 9.5 Pre
S504A B 4� 97.0 � 16.0 Pre
I505A B 0 58.5 � 7.0 Pre/post
L506A B 1� 78.6 � 41.6 Pre
K508A B 1� 66.6 � 15.0 Pre
D538A B 3� 90.7 � 18.6 Pre
a Mutations indicate the positions of alanine substitutions (except alanine at position
279, which was mutated into a serine). The monomer is the F monomer in which the
mutation occurs, defining one cavity of the trimer. Fusion activity (FA) was monitored
by a transient F/H-induced cell-cell fusion assay. A fusion score was attributed to the
standard and mutated F proteins as follows: 0, no fusion; 1�, limited fusion; 2�,
moderate fusion; 3�, strong fusion; and 4�, massive fusion. Cell surface expression
(CSE) was monitored by immunofluorescence (anti-FLAG staining) followed by flow
cytometry (normalized to that of F-wt). The conformational state of F at 37°C (Conf
37°C) was assessed with previously reported conformation-sensitive MAbs (Pre,
prefusion-F-recognizing MAb, and post, postfusion-F-recognizing MAb). “–,” not
applicable.
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enced the H-F interaction, albeit only to a limited extent. In sharp
contrast, multiple polar or charged amino acid substitutions in the
cavity at residues L506 and K508 created an F mutant with the
desired phenotype: strongly impaired in fusion and H-binding
activities but lacking a significant defect in folding, processing,
and cell surface transport competence.

It has been proposed that residues located in the H stalk section
(residues 110 to 118) are involved in a short-range interaction
with F trimers (18) and that tetrameric H stalks may assume a
4-helix bundle (4HB) conformation prior to receptor binding
(11–13). Moreover, it is noteworthy that in our structural model

of prefusion CDV F, residues L506 and K508 were located on one
side of the cavity (which assumes an Ig-like conformation) and
toward the rim of the pocket (Fig. 3A). Hence, these predictions
support a model in which the compact 4HB H stalk domain may
engage in short-range interactions with the Ig-like domain of the F
globular head domain. This model is consistent with recent find-
ings obtained for parainfluenza virus type 5 (PIV5) hemaggluti-
nin-neuraminidase (HN)–F interactions (21), but it interestingly
slightly differs from a hypothesis recently put forward for measles
virus, which predicted that H stalks might dock directly into the F
cavity microdomain (20).

FIG 1 Identification of residues influencing the physical interaction of H and F. (A) Homology model of the prefusion CDV F trimer. Residues defining the cavity
of the F trimer that were mutated to alanine are color coded. For the presented cavity, residues in yellow are present in monomer A, whereas residues in violet are
present in monomer B. (B and C) Syncytium formation assay. Cell-to-cell fusion activities triggered by coexpression of CDV H and CDV F (A75/17 strain) or
CDV H and various CDV F mutants in Vero cells expressing the SLAM receptor. Upper right insets contain fusion scores. Fusion was scored as follows: 0, no
fusion; 1�, limited fusion; 2�, moderate fusion; 3�, strong fusion; and 4�, massive fusion. The monomer (defining one cavity of the F trimer) where the
mutation occurs is indicated in parentheses.
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Importantly, MeV and PIV5 F residues analogous to CDV F
leucine 506 (L394 and L384, respectively) are conserved and were
also suggested to be involved in short-range interactions with the
respective attachment proteins (20, 21). In contrast, residue L325
(residing on the opposite face of the cavity) was shown only in
MeV F to impact the interaction with H; indeed, the analogous
conserved residues F-L315 in PIV5 and F-L437 in CDV had no
significant impact on the glycoprotein interactions (20, 21). For
PIV5 F, additional residues present on the Ig-like side of the F
cavity were proposed to be involved in short-range interactions
with PIV5 HN, but all residues probed on the opposite side of the
pocket reportedly did not influence the HN-F interaction (21).
Interestingly, adaptation of human parainfluenza virus type 3 to
grow in airway epithelium led to one mutation in the Ig-like do-
main of the F globular head domain that indeed led to the modu-
lation of cell-to-cell fusion activity (26). Overall, while these data
may indicate subtle differences in how glycoproteins interact
among different paramyxoviruses, the Ig-like domain (one side of
the cavity) seems to be systemically involved.

Based on previous findings, either an inverse (27–29) or a di-
rect (30) correlation was suggested between attachment protein
and F avidity of interactions and fusion triggering efficiency, two
phenotypes that appeared to correlate with attachment proteins
interacting with proteinaceous or sialic acid-containing receptors,
respectively (reviewed in references 31 and 32). We propose that
decreasing the avidity of attachment protein-F interactions ini-
tially leads to increased fusion activity, but there is obviously a
reasonable limit, and overcoming this threshold, resulting in a
lack of any appreciable interaction, then switches to fusion im-
pairments. Alternatively, mutations that reportedly modulate the
strength of glycoprotein interactions may impact bioactivity
through other, more-indirect molecular mechanisms (i.e., the
intrinsic F-triggering capacity of the H protein or the inherent
ability of F to refold from pre- to postfusion structures).

Does the proposed attachment protein stalk-F head interaction
represent the initial binding mode of the glycoproteins? Although
two discrete tetrameric conformations of MeV H heads were crys-
tallized (33), the atomic coordinates of the morbillivirus H stalk
domains remain to be determined. Interestingly, both H head
configurations contrast with two recently determined structures
of the related parainfluenza virus type 5 (PIV5) (34) and New-
castle disease virus (NDV) HN ectodomains (35). While the NDV
HN structure revealed two dimeric head units backfolding on ei-

TABLE 2 Summary of properties of nine F proteins with polar or
charged substitutions at critical positionsa

Mutation(s) Monomer FA CSE TCS (°C)

None (wt) – 4� 100.0 � 0.00 60–62
L437D A 0 99.2 � 21.2 ND
L437Q A 0–1� 98.1 � 4.6 ND
L482D B 0 56.2 � 9.4 ND
L482Q B 0–1� 93.4 � 7.0 ND
L506D B 0 126.7 � 27.5 ND
L506Q B 0 114.3 � 21.1 ND
K508E B 0 89.9 � 17.5 60–62
K508R B 0 101.8 � 24.6 ND
L506D K508E B/B 0 61.1 � 7.7 60–62
a Mutations indicate the positions of the substitutions. The monomer is the F monomer
in which the mutation occurs, defining one cavity of the trimer. Fusion activity (FA)
was monitored by a transient F/H-induced cell-cell fusion assay. A fusion score was
attributed to the standard and mutated F proteins as follows: 0, no fusion; 1�, limited
fusion; 2�, moderate fusion; 3�, strong fusion; and 4�, massive fusion. Cell surface
expression (CSE) was monitored by immunofluorescence (anti-FLAG staining)
followed by flow cytometry (normalized to that of F-wt). The conformational state of F
at 37°C was assessed with previously reported conformation-sensitive MAbs; in all
cases, the MAb recognized prefusion F. The temperature of conformational switching
(TCS) is the temperature at which F trimers switch conformation from the prefusion to
the postfusion state (assessed by immunofluorescence [IF] and flow cytometry with
previously described conformation-sensitive anti-F monoclonal antibodies). ND, not
determined; “–,” not applicable.

FIG 2 Substitution of critical hydrophobic residues in F with polar or charged
amino acids impaired H binding activity. (A) Cell surface assessment of H
interaction with cleaved F proteins. To stabilize H-F complexes, transfected
Vero cells were treated with the non-membrane-permeable cross-linker di-
thiobis(sulfosuccinimidylpropionate) (DTSSP) and subsequently lysed with
radioimmunoprecipitation assay (RIPA) buffer. Complexes were then immu-
noprecipitated (IP) with anti-CDV H MAbs 2267 and 3734 (40) and protein
G-Sepharose bead treatment. Proteins were boiled and subjected to immuno-
blotting using a polyclonal anti-CDV-F antibody (41) to detect F antigenic
materials (coIP). CoIP F proteins were detected in comparison with F proteins
present in cell lysates prior to IP by immunoblotting using the same anti-F
antibody (TL, total lysate; F0, uncleaved F protein; F1, cleaved membrane-
anchored F subunit). (B) Semiquantitative assessment of F/H avidity of inter-
actions. To quantify the avidities of F1-H interactions, the signals in each F1

and H band were quantified using the AIDA software package. The avidity of
F1-H interactions is represented by the ratio of the amount of coimmunopre-
cipitated (coIP) F1 over the product of F1 in the cell lysates divided by the ratio
of the amount of immunoprecipitated H over the product of H in the cell lysate
[(coIP F1/TL F1)/(IP H/TL H)]. Subsequently, all ratios were normalized to the
ratio of the wild-type F-H interactions, set to 100%. Values are averages of
results from at least three independent experiments.
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ther side of the 4HB stalk (referred to as the “four heads down”
conformation), the most recent atomic structure of PIV5 HN was
characterized by one dimeric head unit assuming a “down” con-
figuration and the other one folded in a “heads up” state with a
helix extending beyond the 4HB stalk domain (referred to as the
“two heads down and two heads up” conformation). Importantly,
a PIV5 HN four heads down conformation implies that the two
lower heads interact with the C-terminal part of the stalk domain,
which carries the putative F activation/binding sites. Hence, intra-
cellular HN stalk-F functional interaction is prevented and would
occur only after receptor binding by HN, when the HN heads are
proposed to move in the “up” state and unmask the critical F-
activating/binding sites (referred to as the “stalk exposure” model
[24, 34, 36]). Consequently, the HN stalk-F head physical contact
was proposed to trigger an “induced-fit” mechanism that ulti-
mately leads to F refolding (36).

In contrast, intracellular association of H/F hetero-oligomer

complexes has been described in the case of morbilliviruses (17).
While MeV and CDV H proteins may also assume a “four heads
down”-like configuration, we hypothesize that due to longer stalk
sequences, H heads may interact with the C-terminal region of the
stalk without covering the F-binding sites. Consequently, the H
stalk section from positions 110 to 118 may be able to dock onto
the Ig-like domain of F trimers while the complexes are still in the
endoplasmic reticulum (ER) of the host cell, as demonstrated for
MeV glycoproteins (17). Alternatively, H proteins may assume a
“two heads up and two heads down”-like conformational state
that could support intracellular H-F assembly via the single ex-
posed F docking site. While it will be very informative to experi-
mentally test these alternatives, we propose that in either case
intracellular morbillivirus H-F contacts remain nonproductive,
even after F0 proteolytic processing in the Golgi apparatus, until H
binds to its receptor on a target cell membrane.

Interestingly, among others, a new model has recently been
proposed by Liu and colleagues (37). In this model, the F protein
of Nipah virus (NiV) initially binds to the attachment protein (G)
head domains before switching to the stalks as a consequence of
receptor binding. Although a receptor-induced sequential F-to-G
binding mechanism may exist in NiV, results obtained with mor-
billiviruses are not directly compatible with this model. Indeed,
mutations in both the MeV and CDV H stalks (residues 110 to
114) led to a significant reduction in F-binding ability even in the
absence of receptor engagement (12, 19, 38). Thus, future studies
are required to validate or reject these different models of mem-
brane fusion triggering.

How can morbillivirus H/receptor binding trigger the F refold-
ing cascade? We and others have demonstrated that the central
section of the morbillivirus H stalk domain undergoes a confor-
mational change upon H/receptor engagement leading to F trig-
gering (11–13). Since it has recently been reported that MeV H
proteins lacking the head domains remain bioactive (if properly
stabilized [39]), H heads may undergo a conformational change
that might result in “unclamping” of the stalks, which then may
spontaneously refold into the open-stalk F-triggering conforma-
tion. Receptor-induced opening of the central stalk section may
then first translate into H/F dissociation, thereby unmasking (and
hence exposing to solvent) the previously covered critical hydro-
phobic residues. Such signals may then extend to the nearby cen-
tral pocket microdomain that was recently shown to contribute to
the regulation of the stability of prefusion F complexes (15) and
may eventually result in complete destabilization of prefusion F
trimers and release of the fusion peptides.

F trimers expressed in the absence of H reach the cell surface in
prefusion conformation. The lack of the proposed cavity-uncov-
ering event may be the reason why these F trimers do not sponta-
neously refold despite permanently exposed hydrophobic resi-
dues in the cavity domains. The precise H-to-F stoichiometry in
functional fusion complexes is not known. However, we consider
it most likely that induced exposure of only one Ig-like domain to
solvent is sufficient to trigger the conformational changes. Inter-
estingly, substitution of only one of the two key regulating resi-
dues (L506 and K508) was sufficient to drastically modulate mem-
brane fusion activity, whereas a combination of mutations was
required to substantially reduce the physical interaction with H. In
addition, a single substitution at the opposite side of the pocket
(L437) also strongly abrogated membrane fusion activity, al-
though it did not significantly influence H-F interactions. These

FIG 3 Additive effect on H-F glycoprotein interaction by combined muta-
tions in CDV F. (A) Homology model of the prefusion CDV F trimer (red).
The four critical residues in the cavity F microdomain that dramatically af-
fected membrane fusion when they were changed to polar or charged amino
acids are highlighted in green. (B) Syncytium formation assay. Cell-to-cell
fusion activity was determined as described in the legend to Fig. 1B. (C) Cell
surface assessment of H interaction with cleaved F proteins. CoIPs were per-
formed as described in the legend to Fig. 2A. For clarity, gels were cropped, and
the black lines indicate the cropping site. (D) Semiquantitative assessment of
F/H avidity of interactions. The strength of F-H interactions was calculated as
described in the legend to Fig. 2B. Values are averages of results from at least
three independent experiments.
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data suggest that the Ig-like domain of the pocket may be involved
in a short-range interaction with H, but the cavity in its entirety is
required to receive and further conduct the signal, ultimately lead-
ing to destabilization and refolding of the F trimer, as was recently
suggested for MeV F (20). Further studies are needed to unravel
the exact changes that may occur at the glycoprotein-glycoprotein
interface at the time of fusion triggering.

Taken together, our findings demonstrate that two hydropho-
bic residues located in the Ig-like domain of the F globular head
domain very likely contribute to physical interaction with the
membrane-proximal domain of the H stalk. These data advance
our mechanistic insight into paramyxovirus glycoprotein interac-
tion and shed important new light on our general understanding
of the paramyxovirus cell entry system.
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